The present work numerically characterizes a microfluidic device with pumping and mixing functions for lab-on-a-chip applications. The planar fluidic network of the device consists of two inlet channels, a pump chamber, a neck channel, and an outlet channel, all of which connect at a junction. The pump chamber is enclosed by a soft polymeric diaphragm. Pump performance is based on a new valveless principle. Mixing enhancement relies on the unsteady flow obtained from the pumping function. Numerical simulations are performed on two different floor structures in the neck channel: with and without an oblique ridge. The pumping result achieved shows that the flow rate increases notably with increasing deflection of the diaphragm and that the ridge has a negligible effect on the pump performance of the device. The results also demonstrate that the fluidic network of the device rectified flow better than its conventional nozzle/diffuser counterpart. For the measurement of the mixing, the intersection map, mixing variance coefficient, and mixing efficiency are analyzed. Analysis shows that mixing is substantially improved with the ridge and the device can suitably perform mixing for a wide range of flow rates. Without the ridge, mixing relies only on pure diffusion processes; thus, it is very poor. With the integrated pumping and mixing functions, the device serves as a promising step toward the realization of lab-on-a-chip or microfluidic systems.
Introduction
A lab-on-a-chip (LOC) is designed to perform the functions of analysis, sorting, high-throughput screening, and chemical reactions in microchannel structures. The operations of these chips require the integration of various components such as pumps (flow generation), valves (flow control), sensors (flow rate or temperature measurement), reactors, and mixers onto a chip with a simple structure. The crucial role of flow and effective mixing in an LOC has encouraged expanding research on micropumps and micromixers.
Since the first micropump was fabricated using MEMS technology, numerous pumping principles, with and without the use of check valves, have been developed (1) . Micropumps with check valves can achieve high backpressure because backflow is prevented. However, their structure is complicated and their performance is sensitive to trapped bubbles (2) . On the other hand, micropumps without valves (i.e., valveless micropumps) generally cannot eliminate backflow, but they avoid the disadvantage of the micropump with valve and are highly suitable to integration into an LOC application. Most recently developed valveless micropumps are of the diaphragm-based reciprocating type where the diaphragm is moved by piezoelectric actuation, because this form has a simple structure, is easy to control, and has a fast response. The piezoelectrically actuated micropumps, however, have small stroke volume due to the limited deflection capacity of the diaphragm. Alternatively, magnetically actuated soft diaphragms with integrated magnetic parts have been shown to produce large deflections (3) (4) . Furthermore, the soft diaphragm is compatible with the pumping of a liquid because liquid flow has high resistance and high kinetic energy. The flow rectification principles of valveless micropumps are usually based on the modification of the physical properties of fluids (5) or on flow-directing effects such as those found in diffuser elements (6) - (8) and Tesla elements (9) . Recently, a new channel structure to rectify flow without valves has been proposed (10) - (12) .
Effective mixing of liquid flows is essential in microfludic applications such as drug delivery, DNA analysis/sequencing, and pheromone synthesis in microbioreactors (13) .
However, even on the scale of a microchannel, diffusive mixing is slow as compared to the convection of material along the channel; thus, mixing is poor. Therefore, mixing enhancement for LOC applications has become an attractive area of research (14) . Rapid mixing can be achieved by realizing lamination and by using chaotic advection. Lamination is possible by splitting the flow into a number of streams (15) or by splitting and later joining the streams (16) . Chaotic flow can be created in a three-dimensional steady flow (17) (18) or a two-dimensional time-dependent flow (19) - (21) . Another technique to enhance mixing is to stir the fluid using a microrotor (22) - (25) .
In one typical application of an LOC, flow is required to transport samples to mixing processes, and to carry the mixed solution elsewhere for later analyses (26) (27) . However, in the literature, flow in the micromixer is presumed and the micromixer and micropump are separately studied. For wider use and to allow realization of microfluidic devices, a micromixer should include a pumping function. In this paper, we develop a fluidic device that can perform pumping and mixing functions simultaneously. Pump performance is based on a new valveless principle. Mixing enhancement relies on the unsteady flow obtained from the pumping function. The device is actuated by magnetic force on a magnet embedded in a polydimethylsiloxane (PDMS) diaphragm. First, the design and pumping principles of the device are presented. Second, the pump performance is characterized and compared with that of a typical nozzle/diffuser pump. Finally, the mixing performance is investigated by means of the flow pattern, intersection map, mixing variance coefficient, and mixing efficiency coefficient.
Device and Working Principle
The fluidic network of the device is etched in a planar layer that includes two inlet channels, a pump chamber, a neck channel, and an outlet channel joined together at a junction, as shown in Fig. 1 . The top of the pump chamber is enclosed by a PDMS diaphragm with an embedded permanent magnet. At the junction region, the cross-sectional area of the outlet nozzle is less than that of the two inlet nozzles but larger than the cross-sectional area of the neck channel. In the present design, the floor of the neck channel is created with two different structures: with and without an oblique ridge. The oblique angle is 45° with respect to the main stream. The ridge has a height of 70 μm, which is around 30% of the depth of the fluidic network (200 μm). As a valveless micropump, the pumping principle of the device relies on the behavior of the flow through the junction, as shown in Fig. 2 . The length and thickness of the arrows qualitatively represents the flow rates and their directions in the designated channel. In the pump phase, the fluid in the pump chamber can be easily pushed directly into the outlet channel rather than into the inlet channels that are perpendicular to the flow as shown in Fig. 2(a) . In the late state of the pump phase, venturi effect takes place in the center region because the flow forward to the outlet channel here has fully developed. Consequently, fluids in the inlet channels are attracted to outlet channel as plotted in Fig. 2(b) . In the suction phase ( Fig. 2(c) ), because of the junction structure and fluid momentum at the junction area, the back flow from the outlet channel slows and becomes comparable to those from the inlet channels. The result is that the former flow is interrupted by the two latter perpendicular flows. Therefore, with time, a net fluid flow is created from the inlet to the outlet. 
Numerical Simulation
The three-dimensional computational domain of the device is discretized into a structural mesh grid system using GAMBIT (commercial software developed by ANSYS,
The solution of the flow variables on this mesh grid system are obtained using FLUENT 6.3
(ANSYS, Inc.), which solves the Navier-Stokes equation shown below for an incompressible Newtonian fluid by the finite volume method.
where u and p are the velocity and pressure of the flow, respectively, and ρ and ν are the density and kinematic viscosity of the fluid, respectively. In the present study, water at 25 0 C is used as the working fluid. Therefore, ρ = 998.2kg/m 3 and ν = 1.
A second-order accuracy scheme is used for spatial and temporal discretizations. The SIMPLE scheme is employed for the velocity-pressure coupling. The Poisson equation is solved by the general algebraic multigrid method (AMG). A non-slip condition is imposed at the wall. The inlet and outlet are assigned as pressure boundaries with specified pressure and free shear for the other flow variables.
In the current investigation, the first axisymmetrical deformation mode of the diaphragm is of interest, because this mode creates the largest stroke volume with a minimum of force. The maximum deflection is limited to 30 μm, which is small relative to the depth and radius of the pump chamber (200 μm and 3500 μm respectively). Therefore, the deformation mesh and radial displacement of the diaphragm will be negligible. The motion of the diaphragm is converted into a normal velocity on the diaphragm. The time-dependent motion of the diaphragm can be written as ( , ) ( ) ( ) r t g t r Δ = ϕ (28) , where r is the radial position of a certain point from the center of the diaphragm; t, the time; ϕ(r), the transverse flexure; and g(t), time-dependent part of the motion.
Because the Young modulus of the magnet plate is much larger than that of PDMS, the diaphragm experiences uniform deflection over the circular area attached to the magnet.
The deflection shape of the counterpart of the diaphragm can be written in the following form (29) in the case where the magnet pad and the PDMS diaphragm are concentrically assembled:
where k = a/c. a and c are the diameters of the diaphragm and magnet pad, respectively.
The time-dependent part of the motion under external sinusoidal driving is given by max ( ) cos(2 ) g t w ft = π , where f is the frequency of the applied load and w max is the amplitude of the solution. Therefore, the velocity of the diaphragm can be expressed in the form below:
The time-dependent velocity at each grid point on the diaphragm computed by Eq. (4) is integrated into FLUENT through a user-defined function written in the C++ language.
In the present work, we compare the pumping performances between our device and a typical valveless nozzle/diffuser micropump which uses the optimal diffuser element proposed by Yamahata et al. (3) . In their work, the resonant frequency of the nozzle/diffuser pump was experimentally determined to be roughly 40-60 Hz. Therefore, the excitation frequency in the current simulations is set to 50 Hz.
Results and Discussion

Pumping performance
The time-dependent flow rate through the outlet of the device is plotted in Fig. 3 The variation of the time averaged flow rate with the deflection of the diaphragm is plotted in Fig. 4 for two different neck channel structures: with (-Δ-) and without (-ο-) the ridge. The graph indicates that in both cases and in the range of deflection, the flow rates increase approximately linearly with the deflection. It also shows that these curves nearly coincide. In other words, the ridge has a negligible effect on the pump performance of the device. In addition, we simulate a nozzle/diffuser micropump with dimensions for the inlet channel, pump chamber, outlet channel, and depth that are the same as our micropump. The considered diffuser micropump uses the optimal diffuser element reported in Yamahata's work (3) . The linear dependence of the flow rate on maximum deflection was also observed, as shown in Fig. 4 (−⊕−). However, the flow rate is much smaller than that of the present device. For example, the nozzle/diffuser micropump attains 0.2 mL/min at w max = 25 μm whereas the present device produces 2 mL/min. This implies that the fluidic network of the device rectifies flow better than the diffuser element. 
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Mixing performance
Flow pattern
The effect of the ridge on the flow in the micropump is observed by the time series of the flow velocity in eight equal intervals of a diaphragm vibrating cycle, as shown in Fig. 5 .
In the suction phase indicated in Fig. 5(a) to Fig. 5(d) , the flow moves to the left of the neck channel, which results in the rightward motion of fluid in the pump chamber. In contrast, 
Mixing visualization
To observe convective mixing in the device, particle tracking methods are employed.
Massless tracers are released into the device and their trajectories are tracked by the following kinematic relation: shown in Fig. 7 (e)-(h). However, with small deflection of the diaphragm (e.g., w max = 10 μm), a large, badly mixed area close to the left wall remains (Fig. 7(e) ). With increasing deflection (e.g., w max = 20 μm), more tracers extend toward the left of the outlet, as plotted in Fig. 7(h) . The badly mixed area observed in Fig. 7 (e) almost disappears when the deflection is 25 μm. This implies that larger deflection of the diaphragm distributes material in the cross section more homogeneously. 
Mixing variance coefficient
To quantify the homogeneous distribution of material by convection, the intersection map is tracked for the tracers from both inlets. The point on the intersection map corresponding to the tracers from one inlet is defined as 1 and that of the other inlet is labeled as 0. The intersection map is first divided into N boxes, and then, the mixing variance coefficient MVC is computed as follows (30) :
where ρ i is the averaged label value at the i-th box. there are either points labeled 1 or points labeled 0 in a given box. In the present computation, the box is square with a side length of s = h/N h ; thus, the total number of computational boxes is N = w/hN h 2 , where h and w are the height and width of the outlet channel, respectively, and N h is an integer number. The length s represents the scale at which the quality of mixing is considered.
As shown in Fig. 8 , in the cases without the ridge, the mixing variance coefficient is unaffected by the deflection of the diaphragm and is approximately constant with length s.
The MVC values in the vicinity of 0.0 imply poor mixing in this case.
The dashed lines in Fig. 8 indicate the results for the cases with the ridge. The MVC values for all scales are much smaller than in the case without the ridge. This shows that the ridge substantially improves mixing in the device. Mixing variance coefficients also decrease with increasing deflection of the diaphragm.
Mixing efficiency coefficient
The distribution of material in the device by convection and diffusion processes is 
where C is the mean normalized concentration when mixing is perfect and A, the cross-sectional area. M varies from 0 for no mixing to 1 for perfect mixing. The distribution of scalars on the horizontal symmetric plane is plotted in Fig. 9 when w max = 20 μm. In both cases (with and without the ridge), the observed ramp changes of the profiles in The variations of mixing efficiency coefficient with deflection are plotted in Fig. 11 .
The figure shows that in the case without the ridge, mixing is very poor because mixing occurs only in the tiny central layer of flow whose thickness is small as compared to the outlet channel width, as shown in Fig. 9(a) . In the case with the ridge, mixing is substantially improved by the ridge, whereas mixing is insignificantly affected by increasing deflection (especially if w max ≥ 15 μm). Note that the flow rate increases substantially with increasing deflection, as shown in Fig. 4 . Furthermore, the Reynolds number of the flow in the outlet channel is Ο(10), which corresponds to the Peclet number of Ο (10 5 ). Therefore, the device suitably performs mixing for a wide range of flow rates and high Peclet number. The effect of the diffusion coefficient on mixing efficiency is also shown in Fig. 11 .
At every computed deflection of the diaphragm, the diffusion coefficients D are changed by an order of 3. However, the improvement of mixing quality is insignificant because the flow in the device has a high Reynolds number; thus, mixing by the diffusion process is negligible.
Conclusion
In this paper, we designed and analyzed a planar microfluidic device with pumping and mixing functions. Numerical simulations were performed on two floor structures of the neck channel (with and without an oblique ridge) for a range of deflections of the diaphragm.
For the pumping operation, the obtained results show that the ridge has a negligible effect on pump performance, and the fluidic network of the device rectified flow much better than its conventional nozzle/diffuser counterpart. The flow rate of the device increases significantly with increasing deflection of the diaphragm.
As regards the mixing performance, the intersection map, mixing variance coefficient, and mixing efficiency coefficient are used to measure the convective and diffusive mixing in the device. These measurements showed that in the case without the ridge, mixing relies purely on diffusion processes; thus, it is very poor. With the ridge, mixing is substantially improved by the ridge rather than by increasing deflection. Therefore, the device suitably performs mixing for a wide range of flow rates. Indeed, we demonstrated that the profile of Lagrangian velocities in the case with the ridge is flatter that in the case without the ridge.
However, the tail of the resident time of fluid is still present for both cases. The integration of pumping and mixing functions may broaden the use of the device in lab-on-a-chip applications.
